Laser Fusion Rocket (LFR) is an advanced propulsion system that converts Inertial Fusion Energy into thrust energy in Magnetic Thrust Chamber. We study this system through numerical simulation and laser-produced plasma experiment at Extreme Ultra-Violet (EUV) facility of Institute of Laser Engineering (ILE), Osaka University. We conducted experiments at that facility that has single-beam Nd:YAG laser (the maximum energy 2 J). We observed polystyrene plasma distribution in magnetic field of neodymium permanent magnet. The results of those experiments show that the laser-produced plasma was redirected by magnetic field. In the future, we plan to measure Impulse bit with a thrust stand at GEKKO-XII facility of ILE that has 12-beam glass laser (the maximum energy 6 kJ). 
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Introduction
It seems impossible that the human continue sustainable development with limited terrestrial resources. To avoid this issue, we must look at non-terrestrial resources; there are a lot of minerals such as Cu, Fe and Ni on the moon and asteroid belt. Because the process for utilizing them should be highly economical and efficient, high impulse and high thrust are needed for transportation system. This high efficiency propulsion system can shorten space mission time and reduce cosmic radiation dose rate of astronauts in the spaceship. This system is going to be used for manned flight to outside Mars and deep space. One strong candidate of this system is Laser Fusion Rocket 1-3) (LFR) which converts inertial fusion energy into thrust energy in magnetic thrust chamber. The way to gain thrust in this advanced propulsion system is considered as follows. Fig. 1 is showing the concept of making thrust in the magnetic thrust chamber. 1. High power lasers are focused into a millimeter-sized spherical fuel pellet to create the high temperature and high density plasma. In Deuterium-Tritium (D-T) fusion reaction, the fusion energy amounting to 17. Until now, numerical simulation [4] [5] has investigated whether Rayleigh-Taylor instability is significant for the plasma explosion in magnetic thrust chamber and how the efficiency for converting plasma energy into thrust energy along the rocket's thrust vector varies with certain parameters. On the other hand, experiment 6) have been conducted to study the thrust conversion process of LFR in a scaled-down manner. The temporal evolution of laser-produced plasma expansion in a dipole magnetic field was examined.
However, the mechanism for producing thrust in the magnetic thrust chamber has not been clarified. Also, the laser-produced plasma distribution in that chamber has not been observed directly. So, we conducted experiment to observe plasma behaviors in magnetic thrust chamber at Extreme Ultra-Violet (EUV) facility of Institute of Laser Engineering (ILE), Osaka University.
Numerical Simulation
To simulate plasma motion in the magnetic thrust chamber, we used a hybrid code which assumed that plasma is collision-less, ion is treated as particle and electron as electromagnetic fluid. This code is valid under the following conditions. This code can simulate ion Larmor motion because the scale of time resolution is smaller that of ion cyclotron frequency. Electron motions such as electron plasma oscillation and cyclotron motion are neglected. High frequency plasma phenomenon is neglected and Darwin approximation is used. Ion velocity is found from Eq. (1) along with Eq. (5). How to use this code is to input B ext , v 0 and x 0 and then output the time-variation of v n and x n by using the difference method. B ext means the magnetic field produced by SCM or the magnet.
Laser-produced Plasma Experiment at EUV Facility
As a baseline study of clarifying this mechanism, we conducted laser-produced plasma experiments at EUV facility, Osaka University and compared the results between experiment and simulation. We used 100 m-dia. spherical polystyrene target as fuel pellet, 16 mm x 50 mm columnar neodymium permanent magnet in place of SCM and single-beam Nd:YAG laser. Fig. 2 is showing schematic illustration of experimental setup and the magnetic field strength of neodymium permanent magnet. The angle between the neodymium permanent magnet and laser beam is 45 degrees. The absolute magnetic field strength around target point is about 0.1 T, and the distance between neodymium permanent magnet and target point is 10 mm. This laser-produced polystyrene plasma includes only charged particles. Although the laser maximum energy is 2 J, the energy adopted was about 1.1 J in this experiment. The laser-produced plasma had energy of about 0.11 J, because the conversion efficiency from the laser energy to the plasma energy is about 10%.
The Results of Experiment and Numerical Simulation
We have measured the spectrum and observed the plasma distribution with spectroscope and two ICCD cameras. The results of ICCD 1 & 2 along with simulation results are shown in Fig. 3 . The upper rows show the experiment results, while the lower ones are the simulation results. The picture size is 15 mm x 15 mm.
At 0 s, i. e. at the time of injection, a few mm-dia. expanding plasma was made.
At 500 ns, high-energy particles of plasma collided with the neodymium permanent magnet. Other particles moved to right hand by magnetic field.
At 750 ns, particles were deflected by magnetic field or elastic collisions with the neodymium permanent magnet. At 1.75 s, elongated plasma is found in the right hand. Otherwise, there was no plasma in left hand. Particle distributions differ greatly between the experiment and simulation. However, the plasma was pushed back in the same right direction as magnetic field. This indicates that it is possible to gain thrust from laser-produced plasma. The particles are moved along the magnetic field line like the shape of Laval nozzle.
From the results of simulation, the impulse bit is estimated to be about 10 Ns, while from the results of experiment, the plasma exhaust velocity is estimated to be about 40 km/sec.
Eq. (6) shows the definition of thrust efficiency evaluating the performance of the chamber by this code. This shows the thrust efficiency in terms of momentum instead of propulsion energy per initial plasma energy. In this experiment system, was calculated to be about 50%. It is necessary to conduct experiments with another external magnetic field configuration or fuel pellet compositions because it is lower than 60% that is the targeted value. 
Next Experiment
Until now, nobody has directly measured the impulse bit produced in the magnetic thrust chamber. In the next experiment, we will conduct researches on a relationship between the impulse bit and the external magnetic field configuration. Under the same conditions as in the previous experiment, we are planning to measure the impulse bit with a thrust stand and use a solenoid coil of copper wires at EUV facility.
Thrust stand
The impulse bit gained from this polystyrene laser-produced plasma is estimated to be an order of tens of N. Fig. 5 is showing our thrust stand of the pendulum type. The length of this thrust stand is about 260 mm. The top is putted neodymium permanent magnet as in the previous experiment. Counter weights of two 20 mm x 20 mm brass columns are placed in the middle of the stand. The bottom is LED displacement sensor to measure vibration displacement of the pendulum. The relation between the displacement and impulse bit will be found from proofreading. The shape of displacement follows the sin wave.
The proofreading result is as follows. The resolution capability between impulse bit and amplitude of vibration is 1.8 m per 1 Ns. and d are measured 0.01 and 1.8 rad/sec, respectively. Because the impulse bit in the next experiment is estimated about 10 Ns, it is necessary to improve the S/N ratio and the resolution capability of this thrust stand. In addition, the thrust stand should provide magnetic damping, since the amplitude of it is not settled down easily.
Pulsed power supply
To use a magnetic coil in the next experiment, a pulsed power supply system using 3-step PFN (Pulse Forming Network) is going to be constructed. Fig. 6 is showing the circuit diagram of this system. L1 and L2 are inductances. L2 is used for suppressing the ripple current. R is the adjustment resistance. When L=2 H, R=250 m , C=32 F and the DC power voltage is 5 kV, the calculated output current is shown in Fig. 7 . The peak current is about 10 kA and the pulse width is 20 s. This time is long enough, because producing thrust in the magnetic thrust chamber is considered to finish at tens of s. 
GEKKO-XII Experiment
To examine the influence of the scale of the magnetic thrust chamber on thrust, it is necessary to obtain a scaling law. Laser-produced plasma experiment similar to EUV facility will be conducted at GEKKO-XII (GXII) in ILE. GXII has 12-beam glass laser and the maximum energy of 6 kJ. Symmetrical illumination with 4 beams will be realized with laser energy of 1 kJ. By using the outcome of experiment between EUV facility and GXII, the scaling law of the magnetic thrust chamber will be clarified. In the future, we are planning to conduct experiment with DT (Deuterium-Tritium) pellet at GXII and expecting to measure the impulse bit under the nuclear reaction.
Summary
We conducted a demonstration experiments for producing thrust from the laser-produced plasma at Osaka University. The laser-produced plasma pushed back in magnetic thrust chamber was observed with two ICCD cameras. The results indicate that the magnetic thrust chamber has the possibility that redirect the laser-produced plasma was redirected by magnetic field. Also, the impulse bit seems very small and the propulsion efficiency was low from the results of numerical simulation.
We are going to measure the impulse bit with a thrust stand in the next experiment. Also, we are planning to simulate and conduct laser-produced plasma experiment with other magnetic configurations by using a solenoid coil of copper wires instead of the neodymium permanent magnet.
Considering from the concept of making thrust from laserproduced plasma in the magnetic thrust chamber, the impulse bit is produced by the restoring force of the compressed magnetic field made by diamagnetic currents sweeping aside the magnetic field. To clarify whether the diamagnetic currents compress magnetic field or not, we are planning to measure the magnetic field strength by using magnetic sensors of magneto-resistive element with 5 MHz bandwidth. This is because the change of the magnetic field strength takes place in the high frequency area.
